Gasification processes of biomass, low grade coal, and organic wastes have been reported using supercritical water 4) 26) . Phenol is often used as a model organic compound for the study of supercritical water oxidation (SCWO) 9 ),11),17), 27) . Phenol is a common chemical in industrial wastewater and is also a good worst case model pollutant, as phenol oxidation is slower than the oxidation of other organic compounds that are often present in industrial effluent. Moreover, the oxidation of substituted phenols and other aromatic compounds w i l l p r o c e e d t h r o u g h a p h e n o l i n t e r m e d i a t e . Gasification of phenol requires a high temperature above 600 , so the development of effective catalysts is desirable 11),17) . Previously, supported Ni catalysts 5),6),9) 11),13),16),20) 23), 25) , and supported Ru catalysts 12),18), 22) were shown to be active for hydrothermal gasification of aqueous solution containing a small amount of organic compounds as a model wastewater. The catalytic activity and H2 selectivity of Ni/ CeO2-γAl2O3 is higher than that of Ni/γAl2O3 16) . In this case, Ce in the Ni/CeO2-γAl2O3 catalyst reduced carbon deposition and coking. Ni/CeO2 formed less amount of coke than Ni/Al2O3 in the partial oxidation of tar (POT) 10) . Ni/CeO2 was thought to promote the reaction of carbon with O2 and steam. Furthermore, Ce-modified aluminas retained significantly higher specific surface areas than unmodified alumina in supercritical water. However, there were problems such as high cost of the noble metal and low loading amount of metal with the small pore size of carbon supports.
In our recent studies, novel carbon-supported Ni catalysts for wastewater treatment by hydrothermal gasification were prepared by the sol-gel method using polyethylene glycol (PEG) and tartaric acid as an organic template and aluminum tri-s-butoxide (ASB) 28 ), 29) . The catalysts prepared using more PEG tended to show higher phenol conversion and higher yields of gases (methane and carbon dioxide) for hydrothermal gasification under the same conditions. In the present study, we investigated catalysts for reforming aromatic compounds by hydrothermal gasification reaction under the subcritical water condition. The carbon skeleton was introduced into catalyst supports by combining the metal alkoxide and polyethylene glycol (PEG). Hydrothermal gasification reactions were performed using aqueous solutions of phenol (phenol water) and methionine as a wastewater model. The effects of supports on the activity and stability of the catalysts were investigated by changing the type of metal alkoxide.
Experimental

1. Preparation of Ni/C/TiO2, SiO2, ZrO2 and
Al2O3 Catalysts Preparation of Ni/C/TiO2, SiO2 and ZrO2 catalysts used the following reagents: titanium tetraisopropoxide (TIP, Ti(OC3H7)4, Nacalai Tesque, Inc.) as a source of TiO2, tetraethyl orthosilicate (TEOS, Si(OC2H5)4, Nacalai Tesque, Inc.) as a source of SiO2, zirconium tetra butoxide (ZB, Zr(OC4H9)4, Nacalai Tesque, Inc.) as a source of ZrO2, ion-exchange water (prepared with Auto Still AW 200, Yamato Co., Ltd.), ethyl alcohol, 2-propanol, 1-butanol, 2-butanol (GR, Nacalai Tesque, Inc.), polyethylene glycol (PEG, #400, GR, Nacalai Tesque, Inc.) as a carbon template, NH3aq (28 wt%, GR, Nacalai Tesque, Inc.), and nickel nitrate hexahydrate (Ni(NO3)2 6H2O, GR, Nacalai Tesque, Inc.) as a source of Ni. Catalysts were prepared by the sol-gel method as previously reported for the preparation of Ni/ C/Al2O3 28), 29) . A typical preparation method for 16N53C31T, where the numbers represent the weight ratios of Ni, carbon in initially added PEG and TiO2 derived from TIP used, respectively, was as follows: 0.022 mol of TIP and 10.85 g of 2-propanol were added into 200 mL beaker and the mixture was stirred at 0 . 0.014 mol (4.07 g) of Ni(NO3)2 6H2O was dissolved into 7.57 g of 2-propanol and the resultant solution was added dropwise into TIP/2-propanol solution at 0 to give a white green slurry. 0.033 mol (13.2 g) of PEG was added directly to this white green slurry, stirred at 0 for 6 h and then dried at 80 for 8 h to obtain a paste. The paste was extruded by a cylinder for ceramics with a 2 mm hole. The extruded paste was heated at 5 /min under a nitrogen stream and calcined at 500 for 3 h. The resultant black solid was ground in the range 355-600 μm and was used for characterization and hydrothermal reaction. 16N11C73T was prepared similarly. 16N11C73S and 16N53C31S were prepared using TEOS and ethanol. 16N11C73Z and 16N53C31Z were prepared using ZB and 1-butanol. 16N/84Z catalyst was prepared using Ni(NO3)2 6H2O, ZB and 1-butanol as a solvent with a similar sol-gel method. Although carbon sources other than ZB were not added to the preparation of 16N/84Z, carbon remained from ZB after calcination under a nitrogen stream because of the small amount of water added for hydrolysis. 16N/84Z was regarded as a type of Ni/C/ ZrO2. 16N11C73A, 16N63C21A and 16N84A were prepared using ASB 28), 29) . Some catalysts were reduced at 350 in a hydrogen stream for 3 h. In the notation of the catalyst, N, C, T, S, Z, and A represent nickel, carbon, titania, silica, zirconia, and alumina, respectively. Numbers in front of these letters represent wt%. 2. 2. Characterization of Ni/C/TiO2, SiO2, ZrO2 and Al2O3 Catalysts X-ray diffraction patterns of the samples were obtained using a Ultima IV (Rigaku Corp.) diffractometer equipped with a nickel-filtered CuKα1 X-ray source (λ 0.15405 nm) operated at 40 kV and 20 mA under the following conditions: continuous scan mode, slit (SS) 1° (DS) 1° (RS) 0.3 mm, present time 1 s, scan speed 4°/min, measurement range 2θ 10-70°. X-ray fluorescence (XRF) analysis was carried out using an EDX-720 (Shimadzu Corp.) to analyze the composition of the catalysts except for carbon content. In this case, Ni, Ti, Si, Zr and Al were assumed to be present as metallic Ni, TiO2, SiO2, ZrO2 and Al2O3, respectively. The carbon content was estimated by the decrease in weight after calcination under an air stream at 800 for 3 h. N2 adsorption of the calcined sample was measured using a BELSORP mini II (BEL Japan Inc.). Total surface area (SA), pore volume (PV), and pore diameter (PD) were calculated by the BET method. The BJH method was used to estimate the values of SA, PV and PD for mesopores. The sample was degassed under 10 -2 kPa at 300 for 3 h before N2 adsorption measurement.
3. Catalytic Hydrothermal Gasification Using
Ni/C/TiO2, SiO2, ZrO2 and Al2O3 Catalysts The reaction apparatus for hydrothermal gasification is shown in Fig. 1 . Hydrothermal gasification conversion of phenol and the selectivity of products were investigated. The typical procedure was as follows: 0.5 mL of catalyst was packed into a fixed-bed reactor (6 mm stainless tube, inner diameter 4 mm, effective catalyst bed length 4.0 cm) (no diluting agent). The glass wool and quartz sand were packed at the upper and lower sides of the catalyst. The reactor was pressurized to 20 MPa and heated to 350 at a rate of 5 / min. The reaction was performed in the liquid phase using a back pressure regulator (Fig. 1) . The liquid hourly space velocity (LHSV) was 48 h -1 (flow rate of feed 24 mL/h) and the concentrations of phenol aqueous solutions (called phenol water) were 2 g/L. Liquid and gas products were collected in a cold trap (ice) at intervals of 1 h. Gas products were collected into a tedlar bag (2 L) with N2 (60 mL/min for 3 min) in the outlet of the back pressure regulator as shown in Fig. 1 . In this experiment, the thin tube reactor was used because the reaction was performed under high pressure and temperature, so the thermocouple was positioned just beside the catalyst bed outside the reactor. Therefore, the volume of the catalyst bed was adjusted to a constant 0.5 mL to maintain the constant length of the catalyst bed and the same distribution of temperature in each run.
1 mL of the gas product was analyzed using a gas chromatograph-thermal conductivity detector (GC-TCD, Shimadzu Corp., GC-8A). Measurement conditions for H2 using a GC-8A were as follows: injection temp. 110 , detector temp. 110 , column porapak T, column length 2 m, column temp. 50 , carrier gas N2.
Measurement conditions for CH4 and CO2 using another GC-8A were as follows: injection temp. 110 , detector temp. 110 , column unibeads C, column length 3 m, column temp. 150 , carrier gas He. Phenol in 1 mL of a liquid product was extracted using 5 mL of toluene and 1 μL of toluene solution was analyzed with a gas chromatograph-flame ionization detector (GC-FID, Shimadzu Corp., GC-2014). Measurement conditions for the toluene solution were as follows: injection temp. 240 , detector temp. 240 , ATTN 4, split ratio 100, column BP-1, column length 60 m, column diameter 0.25 mm, column temp. 180 .
If CH4 : CO2 a : b, the coefficients m and n in the following reaction of phenol aqueous solutions are m 6a/(a b) and n 6b/(a b), respectively.
This reaction has the limitation of equilibrium and carbon in the feed is recovered as CH4 and CO2 under the normal hydrothermal gasification conditions of 20 MPa and 350 used in this study 3),30) .
Results and Discussion
1. Characterization of Ni/C/Oxide Catalysts and
Hydrothermal Gasification Activities Figure 2 shows the XRD patterns of carbon _ oxide composite supported Ni catalysts before and after hydrothermal gasification (2 g/L). All Ni catalysts contained the Ni metal phase. The crystalline size of Ni, which was determined from the diffraction line around 44°, for each catalyst is also shown. Crystalline sizes of Ni for silica, zirconia, alumina supported catalysts were 5-7 nm, obtained by the Scherrer equation using half width, before the hydrothermal reaction, whereas the crystalline size of Ni species for titania was about 28 nm. Crystalline sizes of alumina, zirconia or perovskite-supported reduced Ni catalysts have been reported to be about 11-23 nm before use 31) 33) , larger than those found for the present catalysts. Presumably the Ni species reacted with PEG to form a stable complex which inhibited extensive rapid sintering of crystalline Ni. After the hydrothermal gasification reaction, the new peaks did not appear for the titania and zirconia supported catalysts, but the crystalline sizes of Ni increased to about 90 nm for both catalysts, indi-cating that significant sintering may have occurred. Alumina and silica supported catalysts were transformed after the reaction to boehmite and silicon carbide, respectively, and the crystalline sizes of Ni increased to about 30 nm for both catalysts. The intensity of Ni signals for 16N53C31S was very small, indicating that the amounts of Ni species detectable by XRD measurement were much smaller than that for 16N63C21A. Table 1 shows the results from the nitrogen adsorption and desorption measurements for the catalysts before and after the reaction. The BET surface areas of the carbon _ titania and carbon _ zirconia composite supported Ni catalysts before hydrothermal gasification were 140 m 2 /g and 131 m 2 /g, respectively, and the corr e s p o n d i n g p o r e vo l u m e s w e r e 0.28 c m 3 / g a n d 0.17 cm 3 /g, respectively. Significant differences were observed between the surface areas measured by the BET and BJH methods, but the values for the BET pore volumes were very close to those of BJH pore volumes, indicating that these catalysts included significant amounts of mesopores. These microporous and mesoporous surface areas and pore volumes of the titania and zirconia supported catalysts were little reduced after the reaction, and no significant changes in the pore structure as well as the crystalline structure were observed after the reaction as shown by the XRD patterns (Fig. 2) . Therefore, the titania and zirconia supported catalysts can be considered to be thermally stable.
The surface areas and pore volumes of the alumina and silica supported catalysts were significantly reduced after the reaction as observed by both BET and BJH methods, indicating that not only the micropores but also the mesopores decreased, probably because of the SiO 2 in 16N53C31S was assumed to represent crystalline silica which appeared due to the incorporation of quartz sand into the catalyst taken out from the reactor. transformations of Al2O3-support to boehmite and SiO2-support to silicon carbide. Table 2 summarizes the compositions of fresh supported Ni catalysts determined by XRF analysis. Independent of the amount of PEG added, the remaining carbon contents did not change for each type of oxide used, although the carbon content decreased compared with the nominal composition, indicating that a large amount of organic content was lost at calcination. Therefore, carbon content decreased and Ni and oxide contents increased for the actual catalyst compared to the initial contents at the preparation. If larger amounts of PEG were used, the amounts of Ni species increased and amounts of supports decreased for each type of oxide used.
Ni/C/oxide catalysts, prepared using PEG, had the very unique character that the higher Ni loading in the catalysts was achieved by the decomposition and elimination of large amounts of PEG after calcination under N2 atmosphere. This effect was not achieved in the presence of only PEG, and both PEG and alkoxide were needed to support Ni, indicating that carbon supports remained on the oxides due to the coordination of PEG molecules to alkoxides and that polymers including oxygen in a molecule may be effective because of the slow decomposition to deposit carbon on the oxides.
The result of the hydrothermal gasification reaction of phenol water is shown in Fig. 3 . Conversion using 1 6 N 5 3 C 3 1 T , 1 6 N 1 1 C 7 3 Z , 1 6 N 5 3 C 3 1 Z a n d 16N63C31A reached 100 % in a short time. On the other hand, the catalytic activity of silica supported catalysts decreased with time. Conversion of phenol water increased with higher carbon content in the catalyst using the same support. Figure 4 shows the gas recovery ( carbon dioxide yield methane yield) for various carbon contents of phenol after 8 h. The recovery ratio of coke and others was calculated using the Eq. (2).
Ratio of coke and others
Ratio of CH R = −( ) − 
In Fig. 4 , catalysts with high conversion showed high recovery. However, gas recovery of 16N53C31T was small despite the high conversion (100 %). From  Fig. 4 , zirconia and alumina supported catalysts achieved very high gas recovery for hydrothermal gasification of Ni catalysts after 8 h.
In general, finer crystalline sizes of nickel particle should result in higher catalytic activity 31) 33) . In our study, zirconia and alumina-supported catalysts revealed higher activities, suggesting that finer nickel particles are related to the higher activity. After the reaction, alumina-supported catalyst had a smaller nickel particle size (Fig. 2, 26 .5 nm), which would have led to the higher activity. In contrast, zirconia-supported catalyst showed larger nickel particle sizes (F ig. 2, 89.0 nm) after the reaction but the pore structure was quite stable because the surface area ( ). This stability of the pore structure for zirconia supported catalyst would be related to the high stable activity for this catalyst. On the other hand, similar results were obtained for titania-supported catalyst 16N53C31T, in which the pore structures were almost the same before and after the reaction, but the crystalline size of nickel particle became very large. Since the initial activity for 16N53C31T was less than that of 16N53C31Z, recovery of carbon for 16N53C31T would be less than that for 16N53C31Z. Overall, the behaviors of these catalysts were very similar.
2. Hydrothermal Gasification on Ni/C/Al2O3 and N i / C / Z r O2 C a t a l y s t s u n d e r Va r i o u s Conditions
The hydrothermal gasification of phenol water on Ni/ C/Al2O3 and Ni/C/ZrO2 catalysts was compared under various conditions. Figure 5 shows the change in phenol conversion with reaction time of hydrothermal gasification (2 g/L) for Ni/C/Al2O3 and Ni/C/ZrO2 catalysts. 16N84A-Air and 16N84Z-Air calcined under air atmosphere and 16N84A-H2 calcined under air atmosphere and then reduced under H2 atmosphere showed no activity. Ni/C/Al2O3 and Ni/C/ZrO2 catalysts calcined under N2 atmosphere caused phenol conversion. In the case of Ni/C/Al2O3, higher amount of PEG added increased the conversion of phenol whereas the effect of the amount of PEG added was small, and the conversion of phenol reached 100 % within 4 h for all Ni/C/ZrO2 catalysts. These prepared Ni catalysts showed much higher phenol conversion than the reference Ni catalyst (Engelhard5256, NiO 55 wt% (XRF), bulk density 0.84 g/cm 3 ). Figure 6 shows the gas recovery ( carbon dioxide yield methane yield) for carbon content of phenol after 8 h. The gas recovery of Ni/C/Al2O3 catalysts changed depending on the amount of PEG used whereas the change in the gas recovery of Ni/C/ZrO2 was very low and independent of the amount of PEG added. These findings are related to the stability of the oxide. Using Al2O3, excess amounts of carbon sources must be added to support all Ni species because the structure of Al2O3 would change under the hydrothermal gasification conditions. In contrast, the amount of carbon sources required for Ni/ C/ZrO2 was much smaller than that for Ni/C/Al2O3 because ZrO2 was stable under the hydrothermal gasification conditions. Table 3 shows the compositions of used Ni catalysts determined by XRF analysis. Increases in carbon content were observed for 16N53C31Z and 16N63C21A, indicating that coke formation occurred during the reaction. In contrast, the carbon content of 16N53C31T did not change, indicating that hydrothermal gasification effectively proceeded with inhibited coke formation on this catalyst. This finding may also show the uniform formation of effective active species for 16N53C31T. Comparison of the data in Table 3 Table 2 indicates the changes in the contents of nickel and the support were very small for 16N53C31T, 16N53C31Z and 16N63C21A. Furthermore, although the dissolution of metal species and supports was not investigated in this study, the shapes of these catalysts did not change and nickel and support material were thought to remain in their catalyst systems within 8 h.
Methionine is one of the essential amino acids and one of the most common compounds which are included in various foods. Therefore, this compound and derivatives may be present with phenol and derivatives in wastewater. Figure 7 shows the effects of addition of methionine on hydrothermal gasification of phenol water using 16N63C21A. In this experiment, each run reached 100 % of conversion of phenol after 4 h, and then methionine was added between 5 h and 6 h. The concentration of methionine was 1, 10, and 100 wt%. The phenol concentration was 2 g/L, 1, 10 and 100 wt%, so that the concentrations of methionine were 0.02, 0.2 and 2.0 g/L. Even if 10 wt% of methionine was added, the conversion of phenol remained 100 %. However, if 100 % of methionine was added into the phenol water, the conversion began to decrease. Figure 8 shows gas recovery ( carbon dioxide yield methane yield) for carbon content of phenol. The gas recovery decreased significantly with the addition of only 10 wt% of methionine whereas the conversion of phenol was 100 %. The addition of 100 wt% of methionine decreased both conversion of phenol and gas recovery. The behaviors of the conversion of phenol and gas recovery with reaction time were different, indicating that two sites separately adsorbed phenol and water. Methionine was preferentially adsorbed on the site where water was absorbed, resulting in the rapid decrease of gas formation.
Treatment of only methionine by hydrothermal gasification under the same conditions using 16N63C31A and 16N53C31Z catalysts resulted in conversions of 100 % but the gas recovery remained very low. This finding indicates that these catalysts cannot convert carbon compounds into gases although the molecular structure of methionine might be decomposed. Furthermore, Ni3S2 particles, not Ni particles, were detected by XRD after the reaction of methionine water, indicating that Ni species were sulfided in the presence of methionine and that the Ni sulfide produced had no Methionine was added between 5 h and 6 h. Concentration of methionine was 1, 10, and 100 wt%. As phenol concentration was 2 g/L, 1, 10 and 100 wt% represent the concentrations of methionine, 0.02, 0.2 and 2.0 g/L, respectively. activity for gasification of carbon compounds. Supported Ni 34) and Ru 35) catalysts are well-known to be poisoned by the presence of sulfur. In supercritical water gasification, not only sulfide but also sulfite and sulfate were found in the catalysts 35) . These species would promote deactivation of the catalysts and carbon deposition.
As mentioned above, the carbon-supported Ni catalysts prepared using PEG could load large amounts of Ni metal. In our previous report, we showed that the 16N/63C21A catalyst particles before hydrothermal reaction, which included Ni metal and C/Al2O3 carriers, were like carbon nanotubes with length about 300 nm and diameter about 50 nm. On the other hand, 16N/63C21A catalyst after hydrothermal reaction showed aggregation of catalyst particles to form round structures rather than nanotubes. We considered that the Al2O3 support was not important in hydrothermal gasification, because the catalytic activity was relatively stable during the reaction, even if the surface area and pore volume decreased and boehmite was formed during hydrothermal gasification. Although reduction of micropores related to the transformation of Al2O3 support to boehmite and to the sintering of Ni were observed, 16N63C21A was the most suitable catalyst b a s e d o n p h e n o l c o nve r s i o n a n d ga s r e c ove r y. Furthermore, although sintering of Ni was observed, 16N53C31Z catalyst was relatively stable and suitable for phenol conversion. Thus, the sol-gel method using PEG was effective for the preparation of catalysts for hydrothermal gasification.
Ni catalysts supported on CeO2 and CeO2 modified A l2O3 s h ow c a t a l y t i c a c t iv i t y h i g h e r t h a n N i / γAl2O3 10),16), 36) . Carbon and zirconia supports are effective materials in supercritical water gasification or reforming reaction for hydrogen production 33), 37) . The supports for transition metal catalysts are sometimes unstable and changes in structure and phase reduce catalytic activity 38) . In the present case, the Al2O3 support was not important in hydrothermal gasification, because the catalytic activity was stable during the reaction even if the surface area and pore volume decreased and boehmite was formed during hydrothermal gasification. Furthermore, Ni/C/ZrO2 as well as Ni/C/ Al2O3 also showed the stable high activity. The stable catalytic activity for the present Ni/C/Al2O3 and Ni/C/ ZrO2 catalysts without CeO2 suggests that metal Ni with high loading on carbon derived from PEG effectively acts as the true catalyst. Figure 9 shows the model structures of the carbonoxide composite supported nickel catalysts. The common properties are that oxides are coated by carbon layers and nickel particles are dispersed on the carbon layers before the hydrothermal reaction. After the reaction, the structure changes depending on the type of oxide. Alumina changed to boehmite and many holes are formed in the carbon layer. In contrast, nickel was buried into the silica and carbon support because the activity of this catalyst was very low. Although titania and zirconia were stable supports because the pore structure did not change after the reaction, nickel particles became bigger as observed by XRD measurement. The difference between the activities of titania and zirconia may depend on the difference in the surface area of mesopores, because surface areas of zirconia supported catalysts measured by the BJH method were larger than those of titania supported catalysts.
Conclusions
Carbon
_ oxide composite supported nickel catalysts were prepared by the sol-gel methods using PEG as a carbon template. Although silicon carbide and boehmite were formed in silica-and alumina-supported catalysts in the hydrothermal gasification of phenol water, respectively, the latter did not show the deactivation. Titania and zirconia supported catalysts were found to be thermally stable based on the small change in the surface area before and after the reaction. Using alumina and titania, the conversion and gas recovery increased with the addition of PEG. In contrast, zirconia supported catalysts showed the higher conversion and gas recovery independent of the amount of added carbon. In the hydrothermal gasification of phenol water using catalysts 16 wt% Ni content, zirconia and alumina supported catalysts showed high conversion. The loading amount of Ni, gas recovery and conversion increased with higher carbon content for all catalysts except silica. Conversions of 16N63C21A and 16N53C31Z reached 100 % in aqueous solutions of phenol and methionine, but gas recovery of methionine was very low. With the same concentration of methionine as phenol in the phenol water, both conversion of phenol and gas recovery were decreased. 
